Introduction

1
Bacteria and Archaea utilize CRISPR-Cas (clustered regularly interspaced short palindromic 2 repeats-CRISPR-associated) adaptive immune systems to defend themselves against foreign 3 genetic elements, such as plasmids and phages (Marraffini, 2015; Barrangou and Doudna, 2016; 4 Mohanraju et al., 2016; Wright et al., 2016) . The CRISPR loci in the genome comprise a cas 5 operon and a CRISPR array, consisting of short repetitive sequences (direct repeats) separated 6 by non-repetitive sequences (spacers) derived from foreign genetic elements. The CRISPR array 7 is transcribed and processed into CRISPR RNAs (crRNAs), which associate with single or 8 multiple Cas proteins to form effector ribonucleoprotein complexes responsible for the 9 destruction of invading nucleic acids (Makarova et al., 2015; Nishimasu and Nureki, 2016) . In 10 the type II CRISPR-Cas system, the Cas9 effector nuclease associates with dual guide RNAs 11 (crRNA and trans-activating crRNA (tracrRNA)), and cleaves double-stranded (ds) DNA 12 targets complementary to the crRNA guide (Garneau et al., 2010; Deltcheva et al., 2011; 13 Gasiunas et al., 2012; Jinek et al., 2012) . In addition to the crRNA-target DNA 14 complementarity, Cas9-mediated target recognition requires a PAM (protospacer adjacent 15 motif), a short nucleotide sequence adjacent to the target site (Deveau et al., 2008; Garneau et 16 al., 2010) . Importantly, a single-guide RNA (sgRNA), in which crRNA and tracrRNA are fused 17 with an artificial tetraloop, can also direct Cas9 to the target cleavage (Jinek et al., 2012) . Thus, 18 the two component Cas9-sgRNA system has been harnessed for a variety of new technologies, 19 including genome editing (Cong et al., 2013; Jinek et al., 2013; Mali et al., 2013) . (Jinek et al., 2014) . The crystal structure of SpCas9 bound to the sgRNA 25 and its single-stranded DNA target clarified the recognition mechanism of the sgRNA and the 26 target DNA (Nishimasu et al., 2014) . Subsequently, the crystal structure of SpCas9 bound to the 27 sgRNA and a PAM-containing DNA revealed the recognition mechanism of the 5′-NGG-3′ 28 PAM by SpCas9 (Anders et al., 2014) . Moreover, the crystal structures of SpCas9 bound to the 29 sgRNA (Jiang et al., 2015) and SpCas9 bound to an R-loop (Jiang et al., 2016) , 2013; Fonfara et al., 2014; Hsu et al., 2014; Karvelis et al., 2015; Ran et al., 2015) . SpCas9 3 (1,368 aa) recognizes 5′-NGG-3′ as the PAM (Mojica et al., 2009) , whereas Staphylococcus 4 aureus Cas9 (SaCas9, 1,053 aa) and Francisella novicida Cas9 (FnCas9, 1,629 aa) recognize 5′-5 NNGRRT-3′ and 5′-NGG-3′ as the PAMs, respectively (Ran et al., 2015; Hirano et al., 2016) . A 6 structural comparison of SpCas9 (Anders et al., 2014; Nishimasu et al., 2014) with SaCas9 7 (Nishimasu et al., 2015) and FnCas9 (Hirano et al., 2016) revealed that, while they share the 8 conserved RuvC and HNH nuclease domains, their REC and Wedge (WED) domains are 9 structurally divergent, and recognize distinct structural features in their cognate RNA guides. In 10 addition, their PAM-interacting (PI) domains share a conserved core fold, but recognize distinct 11 PAM sequences, using a specific set of amino-acid residues.
13
Campylobacter jejuni Cas9 (CjCas9) has several unique features (Fonfara et al., 2014) . First, 14 CjCas9 consists of 984 residues, and is one of the smallest Cas9 orthologs. Second, the 15 nucleotide sequences of the crRNA:tracrRNA guides for CjCas9 and the other Cas9 orthologs 16 differ substantially. Third, CjCas9 recognizes the 5′-NNNNACA-3′ PAM, whereas most Cas9 17 orthologs, as exemplified by SpCas9 (5′-NGG-3′) (Gasiunas et al., 2012; Jinek et al., 2012) , 18 recognize G-rich PAMs. However, the functional mechanism of CjCas9 remains elusive, due to 19 the lack of structural information.
21
Here, we performed functional and structural characterizations of CjCas9. In vitro cleavage 22 experiments revealed that CjCas9 recognizes the 5′-NNNVRYM-3′ PAM, which is more 23 promiscuous than the previously reported PAMs. The crystal structure of the target DNA complex highlighted the remarkable mechanistic diversity of the CRISPR-Cas9 25 systems. Unlike the tracrRNAs for the other Cas9 orthologs, the CjCas9 tracrRNA has an 26 unanticipated triple-helix structure, which is distinct from known RNA triple helices. 27 Furthermore, CjCas9 recognizes the PAM nucleotides on both the target and non-target DNA 28 strands, whereas the other Cas9 orthologs recognize the PAM nucleotides on the non-target 29 DNA strand. Although a previous study reported that CjCas9 recognizes the 5′-NNNNACA-3′ PAM (Fonfara   1   et al., 2014) , the CjCas9 PAM has not been fully characterized. To determine the CjCas9 PAM, 2 we performed the PAM discovery assay, using purified CjCas9, an sgRNA and a library of 3 plasmid DNA targets with a degenerate 7-bp PAM sequence, as described previously (Ran et 4 al., 2015; Zetsche et al., 2015) . The result revealed that CjCas9 recognizes the 5′-NNNVRYM-5 3′ PAM (V is A/G/C; R is A/G; Y is T/C; M is A/C) ( Figures 1A and S1 ), which is more 6 promiscuous than the previously reported 5′-NNNNACA-3′ PAM (Fonfara et al., 2014) . Using 7 purified CjCas9 and an sgRNA, we further examined the cleavage of 13 plasmid DNA targets 8 with either 5′-AGANACC-3′, 5′-AGAANCA-3′, 5′-AGAAANA-3′ or 5′-AGAACN-3′ as the 9 PAMs. The results confirmed that CjCas9 efficiently recognizes the 5′-NNNVRYM-3′ PAM, 10 with the preference for T and C at positions 6 and 7, respectively ( Figures 1B and 1C ).
12
Crystal structure of the CjCas9-sgRNA-target DNA complex 13 To clarify the RNA-guided DNA recognition mechanism of CjCas9, we attempted to determine 14 the crystal structure of CjCas9 in complex with an sgRNA and its target DNA. However, we 15 failed to obtain diffraction-quality crystals. Previous studies revealed that the HNH nuclease 16 domain of SpCas9 is mobile and dispensable for RNA-guided DNA recognition (Nishimasu et 17 al., 2014; Jiang et al., 2015; Sternberg et al., 2015) , suggesting that the flexibility of the HNH does not substantially affect the overall structure. The REC lobe can be divided into the REC1 29 (residues 77-234) and REC2 (residues 235-426) domains. The NUC lobe comprises the RuvC 30 (residues 1-44, 427-480 and 641-777), WED (residues 792-827), and PI domains (residues 31 828-984) (the HNH domain was truncated for crystallization). The REC and NUC lobes are 32 connected by an arginine-rich "bridge" helix (residues 45-76), while the WED and RuvC 33 domains are connected by a "phosphate lock" loop (residues 778-791), as in other Cas9 34 6 orthologs (Anders et al., 2014; Nishimasu et al., 2014; Nishimasu et al., 2015; Hirano et al., 1 2016). The three residues (GGS) in the GGGSGG linker between the RuvC-II and RuvC-III 2 motifs are disordered in the present structure. The sgRNA comprises the guide segment (G1-C20), the repeat region (G21-U32), the tetraloop 5 (G33-A36), the antirepeat region (A37-U48), and the tracrRNA scaffold (A49-C93) ( Figure   6 2B). The guide segment (G1-C20) and the target DNA strand (dG1-dC20) form an RNA-DNA Figures 3D and 3E ). U57 base pairs with C59 and C90, forming a G92-6 C59•U57•C90-G62 base quintuple ( Figure 3F ). A87 and A88 base pair with G54 and U55/C64, 7 respectively, forming a U55•A88•C64-G54•A87 base quintuple ( Figure 3G ). The tracrRNA scaffold is extensively recognized by CjCas9 ( Figures 4A and S2 ). In particular, 
5′-NNNVRYM-3′ PAM recognition
28
In the present structure, the 5′-AGAAACC-3′ PAM-containing DNA duplex is bound to the 29 cleft between the WED and PI domains ( Figure 5A ). The nucleobases of dA1*-dA3* do not Thr791 in the phosphate lock loop, thereby facilitating target DNA unwinding ( Figure S4B ). 14 Indeed, the T791A mutation abolished the in vitro DNA cleavage activity ( Figure S4C ), 15 confirming the functional importance of the interaction between the +1 phosphate and Thr791. 16 These observations confirmed that the RNA-guided DNA targeting mechanism is highly 17 conserved among the CRISPR-Cas9 systems. 
). According to these structural differences, the repeat-antirepeat duplexes are recognized by 25 the structurally divergent REC1 and WED domains in species-specific manners ( Figure S5 ).
26
The CjCas9-REC1 adopts a conserved core fold, but has two unique loops (loops 1 and 2) that 27 interact with the repeat-antirepeat duplex. The repeat-antirepeat duplex is further recognized by 28 the WED domain, which is structurally distinct from those of the other Cas9 orthologs. Despite their limited sequence similarity, the PI domains of the Cas9 orthologs share a similar 6 core fold comprising two distorted β-sheets (β1-β3 and β4-β9) ( Figures 7A-7D ). In SpCas9, 7 SaCas9 and FnCas9, distinct sets of amino-acid residues in the β5-β7 region form sequence- dsDNA cleavage activities, they may have distinct specificities for their cognate RNA guides. In 6 contrast to CjCas9, which is specific to its cognate sgRNA, CdCas9 promiscuously recognizes 7 the SpCas9 sgRNA as well as its cognate sgRNA (Ma et al., 2015) . Further structural studies 8 will provide insights into the mechanistic diversity among the type II-C CRISPR-Cas9 systems. columns. The selenomethionine (SeMet)-substituted CjCas9-ΔHNH was expressed in E. coli 27 B834 (DE3) (Novagen), and was purified using a similar protocol to that for the native protein.
28
The sgRNA was transcribed in vitro with T7 RNA polymerase, using a PCR-amplified dsDNA 29 template. The transcribed RNA was purified by 8% denaturing (7 M urea) polyacrylamide gel 30 electrophoresis. The target and non-target DNA strands were purchased from Sigma-Aldrich.
31
The purified CjCas9-ΔHNH protein was mixed with the sgRNA, the target DNA strand, and the See also Figure S2 and Table 1 . (previously referred to as the REC2 domains (Nishimasu et al., 2014; Hirano et al., 2016) ). The linearized plasmid targets with the 5′-TGG-3′ PAM and the 5′-AGAAACC-3′ PAM were incubated at 37°C for 5 min with SpCas9 (10-100 nM) and CjCas9 (10-100 nM) in the presence of their cognate sgRNAs, respectively. Related to Figure 
